Introduction
Climate change, security of supply and decrease in fossil fuels has stimulated the need to develop power generation technologies that are environmentally friendly and highly efficient to replace a conventional combustion-based power system.
A solid oxide fuel cell-gas turbine hybrid system (SOFC-GT system) has been received much attention for a distributed power generation due to its high efficiency and flexibility for different fuels. In comparison with other alternative fuel, syngas obtained from biomass gasification is a very attractive green fuel for use in solid oxide fuel cells. It has relatively high hydrogen content and can be produced renewably through the gasification process of biomass feedstocks and thus, a promising alternative fuel for the SOFC-GT hybrid system.
In spite of the introduction of many innovative cycles for the SOFC-GT hybrid system, its universal configuration is not yet fully established. Studies to develop new system configurations for better performance are still in progress. When considering a performance of the system, it is found that a heat input is highly required to preheat air before being fed to the SOFC stack. The recirculation of a high temperature cathode exhaust gas is probably an interesting option to reduce the requirement of an external heat for the SOFC-GT system (Saebea et al. 2012; Saebea et al. 2013) .
In the first part of this presentation, it was shown that the cathode gas recirculation, has a major impact on the on both the SOFC and gas turbine performances (Azami et al. 2017) . In the analysis, first the conventional SOFC-GT hybrid system (CS) was presented. In this reference case, the net energy and exergy efficiencies of the hybrid cycle were 54.53% and 55.8%, respectively. The corresponding efficiencies for the SOFC-GT hybrid system with cathode gas recirculation system (CRS) were 64.76% and 66.28%, respectively. AC energy efficiencies for the SOFC and GT generator in the system without cathode recirculation were 50.83% and 35.98%, respectively. Also, AC energy efficiencies for the SOFC and GT in the system with cathode recirculation were 50.67% and 37.99%, respectively (Azami et al. 2017) .
The SOFC-GT hybrid system with anode and cathode exhaust gas recycling is an interesting power system that can minimize the required heat input for the system and maximize the system efficiency. However, effect of the temperature difference at the fuel cell stack is not considered for SOFC-GT hybrid system with cathode gas recirculation and a study is required to investigate on the performance such systems.
In Part I, comparison between design performances of the two types of SOFC-GT hybrid system configurations, with and without cathode gas recirculation system were investigated. In this paper, in order to better understand the behaviors of the systems, the effects of the temperature difference at the fuel cell stack on the performance of the cycle were investigated. The proposed SOFC-GT hybrid systems (with and without cathode gas recirculation system) have been carried out using CycleTempo software (Cycle-Tempo software 2017), which was developed by Delft University of Technology as a modern tool for the thermodynamic analysis and optimization of systems for the production of electricity, heat and refrigeration.
Hybrid system modeling process
In Part I of this presentation, Figs. 1 and 3 were used to explain the operation of the hybrid SOFC-GT cycle fuelled with sungas when it was operated in both configurations (Azami et al. 2017) . The major differences between two cycles are the option which employed for heating cathode inlet stream. In CRS the cathode inlet air after heated at the air recuperating and air preheating components is mixed with depleted air from the cathode air recycle before entering the SOFC, while in the CS the incoming air to the cathode is heated at the air recuperator and air preheater to meet the required cathode inlet temperature.
They are two options to determine the power level of the system. One option is to specify the fuel mass flow, the other option is to set the power output load of the SOFC or GT unit. In the present work, the power level given for the GT determine the mass flow through the GT and hence through the system. The energy balance at the fuel cell determines the cathode air flow based on the cooling air required. These two units, namely the fuel cell unit and the gas turbine unit together play an important role in determining the inlet fuel flow. Since this study intends to perform a design analysis, the current density of the unit cell is assumed to be constant for all temperature difference at the cell. Therefore, different powers obtained from the analysis can be realized by different cell stack size (e.g., number of stacked cells).
The SOFC is a direct internal reforming fuel cell operating at 950 •C on average. This SOFC type is anode supported and the anode consists of Nickel/Gadolinia Doped Ceria (Ni/GDC) and the cathode of Lanthanum Strontium Manganite (LSM) cathodes (Aravind et al. 2009 ). The Brayton cycle has been also modeled with the aid of Cycle-Tempo software (Cycle-Tempo software 2017). The basic structure of a recuperator gas turbine consisting of an air compressor, recuperator, combustion chamber and expansion turbine. Cycle-Tempo employs a Gibbs free energy minimization based routine for equilibrium calculations in the combustor model and in the fuel cell model used in these calculations. Details of these models are available in the Cycle-Tempo manual (Cycle-tempo manuals 2017) and in other similar works such as Aravind et al. (2009 ), Toonssen et al. (2010 , Fernandes et al. (2015) , Santhanam et al (2016 ), Thallam Thattai et al. (2017 .
The ejector is an important component as it (1) compensates pressure losses in the anode chamber of the fuel cell stack, (2) recirculates the anode-off gas which is steam rich and supplies sufficient steam to support the reforming taking place in external reformer (Ming et al. 2011) , and (3) providing anode inlet temperature of fuel cell. In the anode recycle, a blower is used to simulate the functions of the ejector in the fuel cell and in the cathode recycle, a blower is used to overcome the pressure drop in the fuel cell. Fig. 1 show the effect of ΔTcell on air mass flow rate to the cathode of the CRS and air input to the both CS and CRS. When ΔTcell is increased from 50 to 150 •C and since the pressure ratio and turbine inlet temperature are fixed, the air the mass flow to the both systems is decreased because higher ΔTcell means that lower cooling air required to keep the SOFC at the required operating temperature. As Fig. 1 show, due to cathode recirculation the air mass flow rate to the system in the configuration with cathode recirculation is slightly lower than that in the conventional configuration at the all ΔTcell. While, comparison of the SOFC cathode inlet air mass flow in Fig. 1 shows that for all ΔTcell the cathode inlet air mass flow of the SOFC in the configuration with cathode recirculation is significantly higher than that in the configuration without cathode recirculation. The reason is when the fuel recuperator exhaust is partially bypassed to the combustor, in order to adjust the turbine, anode and cathode inlet temperature, before entering the SOFC, the mass flow rate of the anode inlet reduces in the cycle without cathode recirculation. This means lower cooling air required to keep the fuel cell at the required operating temperature in the conventional configuration.
Results and Discussion
On the other hand, lower cooling air causes higher fuel input to the system with increasing ΔTcell, because the mass flows through the system and hence the power level is set by the gas turbine generator fixed at 1000 kW and hence the total energy input to the both systems increase, as shown in Fig. 2 . The comparison of energy input to the system for two configurations shows that the energy input to the system is higher in the configuration with cathode recirculation at the all ΔTcell. The reason is when the SOFC cathode exhaust is partially recycled before entering the combustor, the air mass flow rate of the combustor reduces in the cycle with cathode recirculation. As low air is entered to the combustor, and there is no variation in the turbine inlet temperature and pressure ratio and since the generator produces is fixed, the mass flow through the turbine decreases. This causes higher fuel input to the system and hence the higher energy input to the system, as shown in Fig. 2 . The exergy input of both systems, shown in Fig. 3 has a similar changing trend as energy input. 4 reveals the effects of ΔTcell on the fuel bypass and cathode recirculation ratio of the systems. It can be seen that, due to decreasing anode and cathode inlet temperature both the fuel bypass ratio and cathode recirculation ratio decrease with the increasing ΔTcell. Fig. 5 shows the effects of ΔTcell on the power of turbine and compressor of the both CS and CRS. As the ΔTcell increases, due to higher air mass flow rate to the system and hence higher mass flow through the turbine and compressor the gas turbine power output and the compressor power consumption increase. Compared with the CS, an increase in ΔTcell leads to little decrease in turbine power output and compressor power consumption of the CRS. As Fig. 5 show, due to higher air mass flow rate to the system and hence higher mass flow through the turbine and compressor and since the generator produces is fixed, air compressor power consumption and hence gas turbine power production in the conventional configuration is slightly higher than that in the configuration with cathode recirculation at the all ΔTcell. Fig. 6 shows the effects of ΔTcell on the power of SOFC and GT components of the both systems. It can be seen that, increasing the ΔTcell from 50 •C to 150 •C increased the SOFC AC output power of the CS significantly, from about 607 to 2929 kw. This is because that the fuel bypassed rate decreased with the increasing ΔTcell, resulting in an increase in the anode mass flow rate of the SOFC. In addition, increasing the ΔTcell from 50 •C to 150 •C increased the SOFC AC output power of the CRS, from about 2421 to 3159 kw due to the relatively decrease in the air mass flow rate of the cathode side. Compared with the CS, an increase in ΔTcell leads to little increase in SOFC AC power output of the CRS. Comparison of the SOFC AC output power in Fig. 6 shows that the output power of the SOFC in the configuration without cathode recirculation is significantly lower than that in the configuration with cathode recirculation at the all ΔTcell. The reason is when the fuel recuperator exhaust is partially bypassed to the combustor before entering the fuel preheater, the fuel mass flow rate of the SOFC anode inlet reduces in the cycle without cathode recirculation. Therefore, there is less power generated in the SOFC of the conventional configuration. Fig. 7 shows the effects of ΔTcell on the gross energy efficiency of the both systems. It can be seen that, increasing the ΔTcell from 50 •C to 150 •C increased the gross energy efficiency of the CS and CRS, from about 45.97 to 69.38 % and 66.99 to 70.82%, respectively due to the increasing AC power output of the SOFC. On the other hand, due to higher SOFC power output of the configuration with cathode recirculation and since the generator power produce of both cycle without and with cathode recirculation is equal to 1000 kW, gross energy efficiency of the SOFC-GT hybrid system in the configuration with cathode recirculation is significantly higher than that in the configuration without cathode recirculation for all ΔTcell as shown in Fig. 7 .
The increasing AC power output of the SOFC is also the reason for the increasing the net energy efficiency of the CS and CRS with increasing the ΔTcell as shown in Fig. 8 . It can be seen that, net energy efficiency for the CS and CRS increases from 42.47 to 65.8% and from 61.59 to 67.19%, respectively, when ΔTcell is increased from 50 •C to 150 •C. Compared with the CS, an increase in ΔTcell leads to little increase in gross and net energy efficiency of the CRS (see Figs. 7 and 8 ). In addition, due to higher SOFC AC power output, the net energy efficiency of the hybrid system in the configuration with cathode gas recirculation is significantly higher than that in the configuration without cathode gas recirculation at all ΔTcell (see Fig. 8 ).
The gross and net exergy efficiency of the system, shown in Figs. 9 and 10 has a similar changing trend as energy conversion efficiency. Gross exergy efficiency for the CS and CRS increases from 47.04 to 71% and from 68.55 to 72.47%, respectively and net exergy efficiency from 43.46 to 67.34% and from 63.03 to 68.76%, respectively when ΔTcell is increased from 50 •C to 150 •C. Compared with the CS, an increase in ΔTcell leads to little increase in gross and net exergy efficiency of the CRS (see Figs. 9 and 10 ). In addition, due to higher gross and net output power, the gross and net exergy efficiency of the hybrid system in the configuration with cathode gas recirculation is significantly higher than that in the configuration without cathode gas recirculation at all ΔTcell (see Figs. 9 and 10 ). 
Conclusion
In this paper the SOFC-GT hybrid system fuelled by syngas from biomass gasification was evaluated by thermodynamic calculations to study the influence of the temperature difference on the overall system performance. Two alternative options were proposed to provided, required heat for the heated fuel and air streams to the anode and cathode inlet temperature. The main conclusions are summarized as follows:
• Increasing the ΔTcell could increase SOFC power output of both hybrid system, but compared with the CS, an increase in ΔTcell leads to little increase in SOFC power output of the CRS. Although the generator power produce of both cycle with and without cathode recirculation were equal to 1000 kW, the SOFC power output of the cycle with cathode recirculation was much higher than that in the cycle without cathode recirculation, which means higher efficiency for the same generator power produce for all ΔTcell.
•
Gross energy efficiency and net energy efficiency of the both system can be increase by increasing the ΔTcell under the given condition, but compared with the CS, an increase in ΔTcell leads to little increase in gross and net energy efficiency of the CRS. However, gross and net energy efficiency of the SOFC-GT hybrid system with cathode gas recirculation was much higher than that in the cycle without cathode recirculation at all ΔTcell, whereas, for the all ΔTcell, the energy input to the system was higher in the cycle with cathode exhaust gas recirculation.
• An increase in ΔTcell could increase gross exergy efficiency and net exergy efficiency of both hybrid system. The comparison of the system performance indicated that gross exergy and net exergy efficiency of the SOFC-GT hybrid system with cathode gas recirculation was much higher than that in the cycle without cathode recirculation at all ΔTcell, whereas, the exergy input to the system was higher in the cycle with cathode exhaust gas recirculation.
